The Nedd4 (neural precursor cell-expressed developmentally downregulated gene 4) family of ubiquitin ligases (E3s) is characterized by a distinct modular domain architecture, with each member consisting of a C2 domain, 2-4 WW domains, and a HECT-type ligase domain. Of the nine mammalian members of this family, Nedd4 and its close relative, Nedd4-2, represent the ancestral ligases with strong similarity to the yeast, Rsp5. In Saccharomyces cerevisiae Rsp5 has a key role in regulating the trafficking, sorting, and degradation of a large number of proteins in multiple cellular compartments. However, in mammals the Nedd4 family members, including Nedd4 and Nedd4-2, appear to have distinct functions, thereby suggesting that these E3s target specific proteins for ubiquitylation. In this article we focus on the biology and emerging functions of Nedd4 and Nedd4-2, and review recent in vivo studies on these E3s. Ubiquitylation controls biological signaling in many different ways.
Ubiquitylation controls biological signaling in many different ways. 1, 2 For example, the ubiquitylation of a misfolded or damaged protein leads to its degradation by the 26S proteasome before it can get to its subcellular site where it normally functions. A ligand-activated receptor may undergo ubiquitylation, where the tagging with ubiquitin acts as a signal for the endocytosis of the receptor; thus, removal from the membrane resulting in the termination of the signal generated by the activated receptor. Ubiquitylation of a cell-cycle inhibitor could lead to its rapid degradation, allowing cells to progress through the cycle. Thus, protein ubiquitylation can control signaling by regulating the cellular levels of a protein, by controlling its subcellular localization, by preventing accumulation of defective or damaged proteins, and in some instances, by preventing protein degradation. Clearly, a process that is so critical for cellular homeostasis, is itself tightly regulated by multiple enzymatic steps and many accessory proteins that provide specificity to the system. The ubiquitylation of a protein needs conjugation between the carboxyl group of the C-terminal Gly residue of ubiquitin, and the e-amino group of an internal Lys (K) in the substrate. 1, 2 The transfer of the activated ubiquitin to substrates occurs through a series of enzymes. These enzymes include a ubiquitin activating enzyme (E1), multiple ubiquitin conjugating enzymes (E2), and several hundreds of ubiquitin-protein ligase (E3). A protein can be monoubiquitylated, multi-monoubiquitylated, or polyubiquitylated, and the type of ubiquitylation determines the fate of the protein. 1, 2 Ubiquitin itself contains seven lysine residues, all of which can participate in the formation of ubiquitin chains. However, in mammals, K48 and K63 linked chains are most common. accept ubiquitin from an E2 and is then transferred to the substrate. On the other hand RING E3s mediate the E2-substrate interaction to facilitate the transfer of ubiquitin directly from an E2 to the substrate. Most human E3s belong to the RING family, whereas HECT family consists of 28 proteins. HECT is an B350 amino-acid domain that was first described in E6AP (human papilloma virus E6 Associated Protein). 5 Although a number of proteins containing HECT domain, including the Sacchromyces cerevisiae protein, Rsp5, and the mouse Nedd4 (neural precursor cell-expressed developmentally downregulated gene 4), were deposited in the public databases around the same time when E6AP was cloned, 6, 7 the function of the HECT as a ubiquitin ligase only became apparent from studies on E6AP. 5, 8 E6AP binds human papillomavirus (HPV) E6 oncoprotein and acts as a ubiquitin ligase for p53 in HPV infected cells. 9 HECT domains are usually found at the C-termini of proteins. It is a bilobal domain, in which the two lobes are bridged by a flexible hinge loop. 10 The E2 binds to the N-terminal lobe, opposite to the C-terminal lobe, which also carries the catalytic Cys residue. Substrate binding is defined by regions outside the HECT, in most cases, towards the N-terminus of the protein. Based on domain architecture, majority of the HECT E3s belong to two families: the Nedd4 family and the HERC family. 
Nedd4 and Nedd4-2
The Nedd4 family contains nine members in human including NEDD4, NEDD4-2 (NEDD4L), ITCH, SMURF1, SMURF2, WWP1, WWP2, NEDL1, and NEDL2. [11] [12] [13] Nedd4 and Nedd4-2, the subjects of this review, are most closely related to each other. The phylogenetic analysis of these proteins from various species (Figure 1a) indicates that Nedd4 is the likely ancestral member of the family, whereas Nedd4-2 originated later in evolution, perhaps by gene duplication. Thus, Nedd4 is closely related to Rsp5 in S. cerevisiae, which has only a single member of the Nedd4 family. There are four members of the Nedd4 family in Drosophila melanogaster, including dNedd, but there are no Nedd4-2 orthologues (Figure 1 ). All vertebrates appear to have both Nedd4 and Nedd4-2 genes. Nedd4 and Nedd4-2 have identical specificity for ubiquitin conjugating enzymes (E2). 14 The prototypic member of the family, Nedd4, was discovered as a developmentally regulated gene in the central nervous system of mouse. 6, 15 It contains an N-terminal calcium/lipid and/or protein binding C2 domain, 3 (in mouse and rat) or 4 (in human) WW domains (protein-protein interaction domains), and a C-terminal HECT domain ( Figure 1b ). This modular domain structure is characteristic of all the Nedd4 family members, the only variable being the number of WW domains, with the mammalian Nedd4 family members containing 2-4 of these domains. 12, 13, 16 WW domains are the main determinants of substrate binding by the Nedd4 E3s, although other regions, such as the C2 domain of Nedd4, can also bind substrates. 17 Given the presence of multiple WW domains in Nedd4 and Nedd4-2, these E3 can potentially interact with several substrates (or regulatory proteins). The Nedd4 and Nedd4-2 WW domains can bind PPxY (PY) or LPSY motifs, and in vitro studies suggest that WW3 and WW4 of both proteins bind PY motifs in the key substrates, with WW3 generally exhibiting Figure 1 Phylogenetic relationship between the Nedd4 and Nedd4-2 among selected species. (a) Phylogenetic tree of Nedd4 and Nedd4-2 ubiquitin ligases. (b) The modular protein domain structures of Nedd4 and Nedd4-2 from selected species. The protein sequences and domain structure were compared between Nedd4 and Nedd4-2 among different species, including the yeast homolog, Rsp5 . The open boxes are the C2 domains, the grey boxes are the WW domains, and the closed boxes are the HECT domains. The length of each box is proportional to the domain size. The domain structures were defined by PROSITE profiles (www.expasy.org/prosite). The protein information was obtained from Ensembl (www.ensembl.org). Protein sequence alignment and phylogenetic tree construction were carried out at Biology WorkBench (http://workbench.sdsc.edu). c: chicken (Gallus gallus); d: fruitfly (Drosophila melanogaster); h: human (Homo sapiens); m: mouse (Mus musculus); x: frog (Xenopus tropicalis); and z: zebrafish (Danio rerio) higher affinity. 11, 16, 18, 19 Most Nedd4 family members, especially Nedd4-2, also have multiple splice variants, which might play different roles in regulating their substrates. 20, 21 Nedd4 Targets and Function
The first described target of Nedd4 was the epithelial sodium channel (ENaC). 22 However, after the discovery of Nedd4-2, it was suggested that Nedd4 and Nedd4-2 probably have redundant functions in ENaC regulation. [23] [24] [25] Subsequently, a number of potential substrates for Nedd4 have been described and a partial list of these is shown in Table 1 . Many of these targets have been identified by the use of heterologous or in vitro systems, thus their functional significance in vivo remains to be fully explored. Here we discuss the main pathways/targets regulated by Nedd4.
Growth factor receptor regulation by Nedd4. Nedd4 has been implicated in the downregulation of growth factor receptors through biochemical analyses of cells transfected with Nedd4. 26 Many types of receptors have been studied, including epidermal growth factor receptor (EGFR), 27 vascular endothelial growth factor receptor-2 (VEGF-R2), 28 insulin receptor, and IGF-1R. 29 However, the gene knockout (KO) studies indicate that one of the main in vivo functions of Nedd4 is the regulation of IGF-1R, and perhaps insulin receptor (IR). 30, 31 The predominant phenotype of Nedd4 KO mice is growth retardation (with a body weight less than 40% of that of wild type littermates), and associated perinatal lethality. 30 Consistent with the overall growth retardation, mouse embryonic fibroblasts (MEFs) isolated from Nedd4 KO embryos show slower growth, and respond poorly to serum after serum starvation than cells isolated from wild type embryos. 30 Both IGF-1R and IR signaling are affected by Nedd4 deficiency. Three lines of evidence conveyed this point. (i) Both MAPK and PI3K signaling pathways were diminished in the Nedd4 À/À cells when stimulated with IGF-1 or insulin, with PI3K pathway affected more severely; (ii) cell surface expression of IGF-1R and IR were reduced in the Nedd4 KO cells; and (iii) Nedd4 action was mediated by Grb10. 30 Grb10 has been shown previously to interact with Nedd4. 26 However, earlier studies, in contrast to the KO mouse data, suggested that Grb10 acts as an adaptor for Nedd4 to ubiquitylate IGF-1R. 32 The mouse KO data indicate that Grb10 levels are elevated in Nedd4 À/À MEFs, 30 although Grb10 is not a direct target of the Nedd4-mediated ubiquitylation. 30 It is important to note that the lethality in Nedd4-/-mice was partially rescued by maternal inheritance of a disrupted Grb10 allele. 30 The interactions between Nedd4 and IGF-1R/IR appear to be receptor specific. The signaling cascade propagated from a distinct transmembrane tyrosine kinase receptor, EGFR, was not affected in the Nedd4 À/À MEFs. 30 Therefore, it is unlikely that Nedd4 serves as a ubiquitous component of the endocytic machinery for all growth factor receptors.
It is clear from these physiological and cellular studies that Nedd4 is a positive regulator of growth and proliferation, especially during embryonic development, through interactions with IGF-1R/IR; however, the details of these interactions are still not clear. As other ubiquitin ligases, such as Mdm2 and c-Cbl, 33, 34 in addition to Nedd4, 32 have been implicated in mediating ubiquitylation of IGF-1R, two models of potential interaction have been proposed and are being tested: sequential ubiquitylation and competing ubiquitylation ( Figure 2 ). In the first model, Nedd4 does not directly ubiquitylate IGF-1R, but controls the activity of another E3 (Mdm2, c-Cbl, or another ubiquitin ligase), which in turn is responsible for IGF-1R ubiquitylation and degradation. In the competing ubiquitylation model, both Nedd4 and the other E3 directly ubiquitylate IGF-1R; however, Nedd4-mediated IGF-1R ubiquitylation does not lead to its degradation through the proteasome. Both models can explain the current result that Nedd4 deficiency results in increased endocytosis of IGF-1R and reduced IGF-1 signaling.
Regulation of T-cell function by Nedd4. The potential involvement of Nedd4 in T-cell activation was first suggested by Heissmeyer et al. 35 In this study it was concluded that Itch, a closely related family member of Nedd4, and possibly Nedd4, contribute to T cell anergy -a state of T-cell unresponsiveness induced when T cells are stimulated through the T-cell receptor in the absence of co-stimulation. The authors showed that unresponsiveness occurs, in part, because PKCy and PLCg1 are degraded by a ubiquitindependent process. The role that Nedd4 played in this process was not entirely clear, and because of the high degree of similarity between Itch and Nedd4, it was suggested that they have overlapping functions. 36 However, Itch and Nedd4 deficient mice exhibit different phenotypes, suggesting that these two E3-ubiquitin ligases regulate distinct pathways in vivo. 37, 38 As mentioned earlier, mice lacking Nedd4 are perinatal lethal due to a severe growth retardation. 30 To study the role of Nedd4 in T cells, fetal liver chimeras (Nedd4 À/ÀFLCh ) in which Nedd4 was only deficient in cells of hematopoietic origin were generated. 38 Mice lacking Nedd4 (Nedd4
) displayed normal T-cell development in the thymus, but their T cells in the periphery were hypo-responsive. Nedd4 À/À T cells proliferate poorly in response to antigen and are less likely to produce IL-2. Furthermore, their B cells undergo class switching with lower frequency. 38 In contrast, mice lacking Itch have hyper-responsive T cells 39 that are skewed towards T-helper type 2 (Th2) cytokine production. This is due to the well-described role for Itch in ubiquitylation of JunB, a transcription factor that promotes Th2 cytokine production. From these results, it was reasoned that Nedd4 likely promotes T-cell activation and enhancement of the adaptive immune response, whereas Itch prevents Th2 differentiation. The dissimilarities seen between the immunologic phenotypes of Nedd4 À/À and Itch À/À mice suggest that these E3 ligases ubiquitylate unique targets and thus, function quite differently in the regulation of T cell responses. Thus, while the Th2-mediated disease in Itch mutant mice can be explained by the loss of Itch-mediated degradation of JunB, it was found that the diminished activation of Nedd4 À/À T cells can be explained by the lack of ubiquitylation and degradation of Cbl-b. Nedd4 À/À T cells contained increased levels of Cbl-b protein because Nedd4 is needed for the polyubiquitylation of Cbl-b. 38, 40 Although these data support that these two E3 ligases act on a unique subset of targets, further studies are needed to address whether this is true for all Nedd4 and Itch targets, or whether these ligases share the responsibility of ubiquitylating some targets.
Nedd4 regulates neuromuscular junctions. In addition to the phenotypes of Nedd4 KO mice described above, a recent study of the Nedd4 À/À embryos indicate that this E3 is also needed for the proper formation and functioning of the neuromuscular junctions. 41 Nedd4 is highly expressed in skeletal muscle. In Nedd4 À/À embryos the size of skeletal muscle fibers and the number of motor neurons were reduced, even though, very interestingly, Nedd4 is not expressed in motor neurons. This suggests that the function of Nedd4 in this system is non-cell autonomous. A detailed analysis indicated that Nedd4 regulates the interaction between the motor neurons and the muscle, especially nerve fasciculation. In the KO embryos, the presynaptic nerve terminal branches at the neuromuscular junctions are reduced in diameter but increased in number. 41 Although these studies clearly define an important role of Nedd4 in regulating neuromuscular junctions, the mechanism by which this occurs remains unknown. Furthermore, it is unclear whether the motor neuron and skeletal muscle fiber phenotypes are directly due to the defective regulation of the formation and functioning of the neuromuscular junctions. The discovery of the substrate(s) of Nedd4 responsible for these phenotypes in the Nedd4 KO mice will delineate the precise mechanisms by which Nedd4 controls the size of skeletal muscle fibers and the number of motor neurons.
Regulation of VEGF-R2 by Nedd4. Another potential target of Nedd4 is VEGF-R2. 28 In this system Grb10 protein is a positive regulator of VEGF signaling; VEGF enhances Grb10 expression, and Grb10 overexpression induces increased Tyr phosphorylation of VEGF-R2 and increased accumulation of this protein. 42 A study by Murdaca et al.
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found that Nedd4 mediates VEGF-R2 degradation and Grb10 inhibits this by binding to Nedd4. It is interesting to note that although VEGF-R2 is ubiquitylated, Nedd4 does not directly mediate this ubiquitylation. Given that Nedd4 KO mice accumulate Grb10, 30 it will be interesting to study whether the loss of Nedd4 leads to increased VEGF-R2 protein and a deregulation of vasculogenesis and angiogenesis.
Does Nedd4 play a role in the regulation of PTEN? It was previously reported that PTEN is ubiquitylated and degraded in the cells, and biochemical purification using HeLa cell lysate showed that Nedd4 was the putative E3 responsible for PTEN ubiquitylation 43 and nuclear localization. 44 As PTEN is one of the major tumor suppressor genes, these reports suggested an important role for NEDD4 as an oncogene. 43 In supporting the role of Nedd4 in regulating PTEN, it was shown that Nedd4 is upreguated in certain type of tumors when compared with nearby normal tissue. 44 As the interaction between Nedd4 and PTEN was based largely on studies using heterologous expression system with either Nedd4 or Nedd4 and PTEN both overexpressed in cultured cells, it prompted the testing of this interaction in Nedd4 deficient cells from gene KO mice. Independent studies from a number of Nedd4 KO lines have failed to detect changes in the amount of PTEN in MEFs. 30, 31, 38 In addition the stability and localization of PTEN were not affected by the absence of Nedd4. 31, 38 Furthermore, the results obtained using siRNA knockdown of Nedd4 presented in the earlier reports 43, 44 could not be reproduced. 31, 38 Overall, these results argue against a general role of Nedd4 in PTEN stability and localization. However, to fully resolve this controversy, additional work may be needed, for example, to establish if Nedd4 has any cell-type specific function (such as in human tumor cells) in PTEN regulation.
Regulation of viral budding by Nedd4. Once mammalian cells are infected with viruses, virus replicates within the cells and exhausts the host cells to make viral progenies. The progenies leave the host cells via several routes, and one of them is called viral budding. 45 Nedd4 and Nedd4-like proteins (including Nedd4-2) have been implicated in this process for many viruses including the Epstein-Barr virus, 46 retrovirus, 47 and Ebola virus. 48 These viruses contain motifs that interact with Nedd4 or Nedd4-2 WW domains, leading to the ubiquitylation of viral matrix protein and recognition by the cellular ESCRT machinery. One of the best described viral proteins involved in Nedd4 interaction is the latent membrane protein 2A (LMP2A) of the Epstein-Barr virus. 46 Through the PY motifs at its N-terminus LMP2A recruits the Nedd4 family of E3s, leading to the ubiquitylation of LMP2A and LMP2A-associated proteins, such as Lyn. 46 Ubiquitylation of viral proteins serves as a signal for trafficking through the host cell's vesicular transport machinery, however the precise mechanisms of viral egress are not fully understood.
Nedd4-2 Targets and Function
Regulation of ENaC. Similar to Nedd4, there is a growing list of proteins that can be targeted by Nedd4-2 ( Table 1) . Of those the best-characterized target is ENaC (Figure 3 ). Extensive in vitro evidence existed from heterologous overexpression systems or biochemical analyses that Nedd4-2 targets ENaC for endocytosis and degradation, and it was predicted that the disruption of the interaction between Nedd4-2 and ENaC by mutations at the C-termini of either b-or g-ENaC subunit was the cause of Liddle's syndrome, an autosomal dominant disorder with severe sodium retention and hypertension. 22, 23 However, the in vivo evidence was lacking until recently to support the functional interaction between Nedd4-2 and ENaC. The mice expressing a mutant b-ENaC-PY motif 49 have saltsensitive hypertension (Liddle's mouse), and recently published data show that an absence of Nedd4-2 leads to Figure 3 Nedd4-2 function in regulating epithelial sodium channel (ENaC). Nedd4-2 has been shown to bind directly with and ubiquitylate ENaC, and disruption of this interaction leads to increased ENaC surface expression and activity, as seen in Liddle's syndrome. Nedd4-2 is (in part) the converging point for both aldosterone and insulin signals, mediated through Sgk1 (serum glucocorticoid-inducible kinase) and Akt (also called protein kinase B, PKB), respectively. Phosphorylated Nedd4-2 can bind to 14-3-3, a phospho-protein binding protein, which inhibits the interaction between Nedd4-2 and ENaC hypertension in animals on a normal diet, and to marked saltsensitivity of this hypertension. 50 However, the analysis of the Nedd4-2 KO mice identified some features that, when contrasted with those of the Liddle's mouse, raise important questions about the precise mechanistic role of Nedd4-2 in hypertension. Specifically, the Nedd4-2 KO mice are more hypertensive than Liddle's mice, and they do not display the degree of hypokalemia 51 seen in Liddle's mice. These differences suggest that Nedd4-2 not only regulates ENaC, but may also affect blood pressure control by other means.
The observed hypertension in Nedd4-2 KO mice was probably mediated by increased ENaC activity because (i) all three ENaC subunits (but not other Na þ transporters in the kidney) were expressed in the kidney at higher levels in Nedd4-2 KO mice than in their wild-type counterparts; (ii) the downregulation of ENaC function in the colon was impaired in Nedd4-2 KO mice; and (iii) salt-sensitive hypertension was substantially reduced in the presence of amiloride, a specific inhibitor of ENaC.
50 Nedd4-2 KO mice on a chronic high-salt diet also showed cardiac hypertrophy and markedly depressed cardiac function, symptoms that are also associated with chronic hypertension. Overall, the results from this KO study show that, in vivo, Nedd4-2 is critical regulator of ENaC activity and blood pressure, and that the absence of the encoding gene is sufficient to produce salt-sensitive hypertension. 50 An additional Nedd4-2 KO line in a different genetic background has also been generated (N. Boase and S. Kumar, unpublished data). These KO animals show perinatal lethality with some animals surviving up to 3 weeks after birth. The primary cause of perinatal lethality appears to be respiratory distress because of collapsed lungs, whereas the survivors develop severe inflammation of the lungs. These phenotypes are also consistent with increased activity of the ENaC in the Nedd4-2 KO mice (N. Boase and S. Kumar, unpublished data), again suggesting that Nedd4-2 is an essential regulator ENaC.
Regulation of voltage-gated sodium channels (Na v s). In addition to the ENaC, several voltage gated sodium channels (Na v s) are potential targets for regulation by Nedd4-2. [52] [53] [54] In cells that can be electrically excited, Na v s has a key role in generating and propagating action potentials. These channels are thus crucial for the functioning of many cells. For example, in the nervous system where many Na v s are expressed, these channels are needed for the development and plasticity, and the maintenance of excitability following nerve and tissue injury. The pore forming a-subunits of seven of the nine Na v s contain typical PY motifs. Indeed, in vitro the PY motif containing Na v s bind Nedd4-2 (and also Nedd4) WW domains. 52 Several of these PY motif containing Na v s were shown to be ubiquitylated by Nedd4-2. [52] [53] [54] Furthermore, in Xenopus oocytes, Nedd4-2 strongly inhibited the activities of a number of Na v s, including the cardiac Na v (Na v 1.5) 53, 54 and the neuronal Na v s (Na v 1.2, Na v 1.7, and Na v 1.8). 52 In the Xenopus oocyte system, Nedd4 also suppressed the activities of Na v 1.2 and Na v 1.7, but it was a poor inhibitor of Na v 1.7. 52 The in vivo validation of these findings awaits further studies using cells derived from the KO mice.
Regulation of Sgk1. A recent study showed that Sgk1 protein levels are regulated by the ubiquitin proteasome pathway, adding another dimension to the mechanism of regulation of this unusual serine-threonine kinase. 55, 56 That polyubiquitin-modified Sgk1 is predominantly localized to the membrane-associated fraction of the cell, suggests that Sgk1 is ubiquitylated at or near the membrane rather than in the cytosol. Overexpression of Nedd4-2 decreased Sgk1 expression by inducing polyubiquitylation and degradation of Sgk1 in the 26S proteasome. Conversely, Nedd4-2 siRNA stabilized Sgk1. 56 This raises the interesting possibility that Sgk1 may both phosphorylate (see below) and act as a substrate of Nedd4-2, thereby achieving a tight negative feedback regulation of Nedd4-2 and Sgk1. Regulation of serine-threonine kinases by ubiquitin modification underscores the potential importance of phosphorylationindependent mechanisms in the regulation of signaling molecules.
Nedd4-2 mediated surfactant protein C (SP-C) trafficking. Two recent reports have suggested that Nedd4-2, and to a lesser extent Nedd4, contributes to the trafficking of surfactant protein C (SP-C). 57, 58 Pulmonary surfactant, a phospholipid-rich film synthesized and secreted by alveolar type-II epithelial cells, is the mixture of lipids and proteins needed to reduce surface tension. Deficiency of pulmonary surfactant is the principal cause of respiratory distress syndrome in premature infants. 59 SP-C is a hydrophobic protein that enhances the surface-tensionlowering properties of surfactant lipids. Mutations in the SP-C gene have been linked to the development of interstitial lung disease. 60 A PY motif (PPDY) is present at the N-terminus of SP-C pro-protein, and is conserved across all species. Mutations within the PY motif abrogated binding of SP-C to Nedd4-2 and completely blocked secretion of SP-C. 57, 58 However, knockdown of Nedd4-2 using siRNA or in Nedd4-2 KO cells, processing of proSP-C to mature peptide was not affected; 58 whereas the other study showed that the processing was blocked by siRNA. 57 As different cell types were used in these two studies, these observations need further validation.
Regulation of Nedd4 and Nedd4-2
There are a number of ways Nedd4 and Nedd4-2 E3s are regulated. As described below, these ligases can be regulated by binding of proteins that either assist (e.g. Ndfips) or preclude (e.g. 14-3-3) recruitment of the substrates. In addition, both Nedd4 and Nedd4-2 are likely to be regulated by phosphorylation and intramolecular interactions.
Ndfip1 and Ndfip2. Studies during the past few years have shown that in S. cerevisiae, where there is a single Nedd4 family member Rsp5, a number of binding proteins regulate Rsp5p mediated ubiquitylation. One of these is Bsd2p, which acts as an adaptor for Rsp5p to control the trafficking of two vacuolar enzymes Cps1p and Phm5p 61 and the metal-ion transporter Smf1p. 62, 63 Bsd2p homologues in mammals, Ndfip1 (N4WBP5, Nedd4 WW domain binding protein 5), and Ndfip2 (N4WBP5A) also act as adaptors for a number of the Nedd4 and Nedd4-2 ubiquitin ligases B Yang and S Kumar Nedd4 family members, to control ubiquitylation of specific targets.
13 Ndfip1 was initially discovered as a Nedd4 WW domain-interacting protein (N4WBP5) in a far-Western screen. 64 Ndfip2 was later identified as a closely related protein in the database. [65] [66] [67] Ndfip1 and Ndfip2, through their three transmembrane domains localize to the golgi, golgiderived transport vesicles, endosomes and MVBs (multivesicular bodies), the subcellular sites of biosynthetic, secretory, and endocytic trafficking. Through their PY motifs, both Ndfips can interact with the WW domains in a number of the Nedd4 family members, including Nedd4, Nedd4-2, WWP1, WWP2, and Itch.
The gene KO data with Ndfip1 support the prediction from in vitro studies that Ndfips are crucial adaptor proteins. The KO animals die because of inflammatory disease caused by aberrant T-cell activation. 68 Further analysis of the KO phenotype indicated that the loss of Ndfip1 leads to JunB accumulation. As JunB is normally targeted for degradation by Itch, the studies show that in T cells Ndfip1 acts as an adaptor for Itch to facilitate its interaction with JunB. 68 In addition to Itch, the in vitro and KO studies indicate that Ndfip1 (and perhaps Ndfip2) also serve as physiological adaptors for another Nedd4 family member WWP2 to regulate the mammalian divalent metal-ion transporter DMT1. 69 In the context of this review article, Ndfips are also predicted to regulate ubiquitylation by Nedd4 and Nedd4-2 as both proteins interact with these ligases. Ndfip1 expression has been shown to be neuroprotective following traumatic brain injury, 70 but it is not known which E3 and what substrates are involved. It is interesting to note that Ndfip1 was recently shown to be involved in exosomal secretion in neurons and overexpression of Ndfip1 results in the recruitment of Nedd4, Nedd4-2, and Itch proteins in the exosomes. 71 Ndfip2 overexpression in Xenopus oocytes inhibits the Nedd4-2-mediated regulation of ENaC, presumably by sequestering Nedd4-2 away from ENaC. 66 14-3-3. 14-3-3s are ubiquitously expressed eukaryotic proteins that bind a phosphoserine or phosphothreonine motif in a large number of proteins. 72 These proteins regulate signaling by providing scaffolding, by causing conformation change or by preventing the interaction of the target protein with other proteins. 72 A number of studies have shown that 14-3-3 bind at least one discrete phosphoserine motif in Nedd4-2.
73,74 A number of Ser/Thr kinases, including Sgk1, Akt, and IKKb regulate the activity of ENaC, and several studies have shown that ENaC regulation by these kinases, at least to some extent, is mediated through Nedd4-2 and 14-3-3 proteins. [74] [75] [76] [77] [78] [79] [80] [81] Insulin and aldosterone, two hormones that upregulate ENaC activity, in part do so by inducing Akt and Sgk1 activation (Figure 3 ). These kinases then phosphorylate specific Ser residue of Nedd4-2 contained in a 14-3-3 binding motif located between the WW domains. This phosphorylation results in the recruitment of 14-3-3 to Nedd4-2. The binding of 14-3-3 and Nedd4-2 prevents Nedd4-2 binding to ENaC and thus, circumventing the negative regulation of ENaC and allowing the channel to stay on the membrane (Figure 3 ). Grb10 and ISG15. Recent work shows that Nedd4 is negatively regulated by a ubiquitin-like protein, ISG15.
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ISG15 binds Nedd4 and interferes with Nedd4 interaction with E2, thereby affecting the catalytic activity of Nedd4. This leads to an inhibition of the ability of Nedd4 to ubiquitylate viral matrix proteins and the release of virus particles. 82 As discussed above, Grb10 protein binds Nedd4 to regulate IGF-1 and insulin signaling. 30 Grb10 also regulates Nedd4-mediated degradation of VEGF-R2. 28 In this case Grb10 interacts with Nedd4 to prevent Nedd4-dependent degradation of VEGF-R2. However, in this pathway Nedd4 does not appear to directly ubiquitylate VEGF-R2. 28 Nevertheless, in both cases binding of Grb10 to Nedd4 regulates Nedd4 function in specific signaling pathways.
Intramolecular interactions and protein conformation. There is evidence to suggest that intramolecular interaction can inhibit autoubiquitylation of Nedd4-2. 83 It was found that the WW domains of Nedd4-2 weakly bind a LPxY motif located within its HECT domain. This intramolecular interaction inhibits autoubiquitylation of Nedd4-2. The mutation of the LPxY motif decreases the stability of Nedd4-2 protein, without affecting its ability to ubiquitylate ENaC. Based on these observations the authors have proposed a model, where the intramolecular interaction between WW domains and HECT stabilizes Nedd4-2 by preventing autoubiquitylation, whereas substrate binding disrupts this interaction, leading to Nedd4-2 downregulation.
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Sgk1 and Akt. As stated above Sgk1, which is an aldosterone-and insulin-dependent, positive regulator of ENaC density at the plasma membrane, has been shown to act through the phosphorylation of Nedd4-2 on one or more Ser/Thr consensus sites. 75, 76 Akt/ PKB (protein kinase B) can also phosphorylate the same Ser residue in Nedd4-2 as Sgk1, and indeed has a similar effect on ENaC. 84 Phosphorylated Nedd4-2, with the phosphorylation sites within the WW domains, could interfere with the interaction with ENaC through its PY motif. 75, 76 Both ENaC and Sgk1 contain PY motifs that can be used for binding with Nedd4-2 through its WW domains, and it has been shown that the WW3 and WW4 domains of Nedd4-2 are responsible for binding to both Sgk1 and ENaC 85 . Both Nedd4 and Nedd4-2 also undergo phosphorylation at multiple sites during mitosis. 86 However, the function consequences of this phosphorylation and the kinases responsible have not been identified.
Future Directions
From the apparent non-overlapping phenotypes of the Nedd4 and Nedd4-2 gene KO mice it is clear that the main substrates of these E3s are distinct, despite the very close similarity between these two ubiquitin ligases. Although Nedd4 and Nedd4-2 show very similar binding affinities for the same substrates in vitro (e.g., both bind all three ENaC subunits in vitro with high affinity), mouse data suggest that in vivo their substrate binding may be more restricted than envisaged. Many of the channels, transporters, and other potential targets of Nedd4 and Nedd4-2 (Table 1) would need further validation, perhaps by the use of cells and tissues derived from the KO mice. Given the perinatal lethality of Nedd4 KO animals, it may be necessary to generate conditional KO mice to enable the study of physiological targets of Nedd4. It is possible that in some cases the functions of Nedd4 and Nedd4-2 are redundant. Thus, it may be informative to generate double KO mice.
It has been shown that accessory and adaptor proteins contribute to the specificity, diversity, and overall function of both Nedd4 and Nedd4-2. 13 Identification and biochemical characterization of the interactomes for both Nedd4 and Nedd4-2 would facilite our understanding of these E3s and their substrates. To that end, systemic approaches using the current proteomic and bioinformatic techniques will be needed to generate the much desired information. The challenges for these approaches will include the low abundance of endogenous Nedd4 or Nedd4-2 and the potential false interactions sometimes associated with overexpression systems. It may be advantageous to tag the endogenous Nedd4 or Nedd4-2 using techniques, such as the TAP (tamdem affinity purification) tag.
87
Nedd4 protein is known to be cleaved by caspases during apoptosis. 88 The cleavage of Nedd4 removes the N-terminal C2 domain from the rest of the protein without disrupting the WW domains and the HECT. The removal of the N-terminal region of Nedd4 was reported to make the protein unstable, leading to the degradation of the WW-HECT cleavage product. 88 As the functional significance of Nedd4 cleavage and degradation during apoptosis remains unknown, it may be interesting to study the apoptotic response of Nedd4-deficient cells from the KO animal.
Despite some recent advances, the regulation of Nedd4 and Nedd4-2 is still not fully understood. For example, many kinases seem to phosphorylate Nedd4 and Nedd4-2, but in most cases physiological relevance and link to cellular signaling seem unclear. Several proteins, such as Ndfip1 and Ndfip2, can bind both Nedd4 and Nedd4-2. However, it is not known whether the binding occurs in vivo and whether the adaptors are used by Nedd4 and/or Nedd4-2 to facilitate substrate recruitment and protein trafficking. In yeast S. cerevisiae Rsp5, the only Nedd4-like protein, uses many adaptor proteins, in addition to the Ndfip-like protein, Bsd2. 13, 89 One recently identified group of proteins, arrestinrelated proteins (ARTS), facilitates Rsp5 recruitment to plasma membrane proteins. 90, 91 Rsp5 then ubiquitylates specific targets at the membrane leading to their endocytosis. Further cellular and biochemical studies will be necessary to establish whether Nedd4 and Nedd4-2 also use ARTS in mammalian cells to recognize and bind their targets at the plasma membrane.
